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Volatile thiols, particularly 4-mercapto-4-methylpentan-2-one (4MMP), make an important contribution to
the aroma of wine. During wine fermentation, Saccharomyces cerevisiae mediates the cleavage of a nonvolatile
cysteinylated precursor in grape juice (Cys-4MMP) to release the volatile thiol 4MMP. Carbon-sulfur lyases
are anticipated to be involved in this reaction. To establish the mechanism of 4MMP release and to develop
strains that modulate its release, the effect of deleting genes encoding putative yeast carbon-sulfur lyases on
the cleavage of Cys-4MMP was tested. The results led to the identification of four genes that influence the
release of the volatile thiol 4MMP in a laboratory strain, indicating that the mechanism of release involves
multiple genes. Deletion of the same genes from a homozygous derivative of the commercial wine yeast VL3
confirmed the importance of these genes in affecting 4MMP release. A strain deleted in a putative carbon-
sulfur lyase gene, YAL012W, produced a second sulfur compound at significantly higher concentrations than
those produced by the wild-type strain. Using mass spectrometry, this compound was identified as 2-methyl-
tetrathiophen-3-one (MTHT), which was previously shown to contribute to wine aroma but was of unknown
biosynthetic origin. The formation of MTHT in YAL012W deletion strains indicates a yeast biosynthetic origin
of MTHT. The results demonstrate that the mechanism of synthesis of yeast-derived wine aroma components,
even those present in small concentrations, can be investigated using genetic screens.
Volatile thiols are important aroma components of certain
wine varieties, such as Sauvignon blanc and Scheurebe (16, 37),
and have been isolated from wines made with many different
cultivars of Vitis vinifera, including Gewu¨rztraminer, Riesling,
Colombard, Petit manseng, Semillon, Cabernet sauvignon, and
Merlot (3, 26, 35, 37, 38). The first of the volatile thiols to be
described was 4-mercapto-4-methylpentan-2-one (4MMP) (16,
17) (Fig. 1a), with aroma descriptions of “blackcurrant” and
“broom tree” as well as “cats’ urine” (at higher concentrations)
(11, 17, 28). The thiol 4MMP has the lowest sensory detection
threshold of any yeast metabolite described (14, 29), with re-
ported values being 0.1 ng liter1 and 3 ng liter1 in water and
wine, respectively. The concentrations found in wine, up to 30
ng liter1 (11, 35), indicate its importance. In Scheurebe wine,
4MMP was the most important varietal odorant of the 42
compounds identified (16).
The absence of volatile thiols in grapes indicates the impor-
tance of yeast fermentation in their formation. A cysteine-
conjugated form of thiols has been proposed as the precursor
present in grapes (35) (Fig. 1b). The metabolic activity of
yeasts is necessary to cleave the cysteine-conjugated precursor
(35), and fermentation with different wine yeast strains results
in the release of different amounts of the volatile thiols (18,
26). Another volatile thiol present in wine, 3-mercaptohexanol
(3MH), also originates from a cysteine-conjugated precursor
(Cys-3MH). Studies of the formation of the free thiol have
shown that a bacterial extract from Eubacterium limosum or
purified tryptophanase from Escherichia coli cleaves the Cys-
3MH precursor in vitro (39, 43). The extract from E. limosum
and purified tryptophanase from E. coli exhibit cysteine–S-
conjugate -lyase activity. The wine yeast Saccharomyces cer-
evisiae is proposed to cleave thiol precursors during grape juice
fermentation by a similar mechanism (39). Cysteine–S-conju-
gate lyases are part of a large enzyme family, the carbon-sulfur
lyases, in which a carbon-sulfur bond is cleaved in a -elimi-
nation reaction. Enzymes of this type have been isolated from
rats, humans, zebra fish, and Arabidopsis thaliana (10, 23). It
has been shown that -lyase enzyme activity results in the
formation of a free thiol and an intermediate that spontane-
ously degrades to pyruvate and ammonia (12). Therefore, it
has been proposed that a yeast carbon-sulfur lyase with -elim-
ination activity could be involved in the release of 4MMP from
Cys-4MMP.
The presence of aroma compounds bound as cysteine con-
jugates has been described for onion, garlic, and passion fruit
(21, 36, 41). Cysteine conjugates have also been shown to exist
in animals, and the release of cysteine-conjugated xenobiotics
by -lyases confirms the presence of these enzymes in higher
eukaryotes (9). Moreover, enterobacteria such as E. limosum
can cleave conjugated compounds, generating a toxic effect on
the host animal (21, 23, 40). The description and sequencing of
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cysteine conjugates cleaving enzymes in bacteria and animals
permit database searching for homologous enzymes in yeast.
Volatile compounds produced by yeast during alcoholic fer-
mentation are particularly important for the aroma of wine
(14). These aroma compounds can originate from distinct en-
zymatic reactions from well-characterized metabolic pathways
in yeast and can be manipulated by expression of the enzymes
involved, which in turn impacts the character of the resulting
wine (13, 24, 29, 32, 33). However, many compounds of un-
known biosynthetic origin arise during yeast fermentation (re-
viewed in references 5, 14, 22, and 29).
In a consumer-led wine industry, it is increasingly important
to consistently produce wine to definable specifications and
styles. To control and modulate the infinite number of flavor
profiles of bottled wines, it is pivotal to understand the funda-
mentals of the synergies between grape varieties and flavor-
active yeast strains. Such studies could, for example, offer pros-
pects for the development of wine yeast starter strains with
optimized volatile-thiol release.
The purpose of the present study was to investigate yeast’s
mechanism of volatile-thiol release by using a genetic strategy.
Potential carbon-sulfur lyase genes, identified using protein
sequence comparisons and database searching, were deleted
from laboratory and wine yeast strains. The possible role of
these genes in thiol release was then evaluated by performing
fermentations in a medium with Cys-4MMP.
This study demonstrates that genes necessary for the syn-
thesis of wine aroma components, even those present in small
concentrations, can be identified by using a combination of
genetic screens and advanced analytical chemistry. The results
indicate that more than one enzyme encoded by the yeast
genome plays a role in volatile-thiol release. These findings
offer prospects for the development of wine yeast starter
strains with optimized volatile-thiol release capabilities that
could assist winemakers in their efforts to consistently produce
wine to definable flavor specifications and styles.
MATERIALS AND METHODS
Reagents, media, and fermentation conditions. Analytical reagents were pur-
chased from Sigma-Aldrich (Castle Hill, Australia). Cys-4MMP was synthesized
as previously described (18) (Fig. 1b). Medium constituents and molecular biol-
ogy reagents were purchased from Difco (Detroit, MI) and Sigma-Aldrich,
respectively, unless stated otherwise. Yeast strains were grown in a synthetic
medium (2) consisting of 0.67% yeast nitrogen base (Difco), an amino acid mix,
and 8% D-glucose at 28°C with shaking at 200 rpm. Cys-4MMP was added to a
final concentration of 0.1 mg ml1. Fermentations were conducted in 250-ml
conical flasks fitted with a water lock and side arm septum for sampling. Trip-
licate starter cultures of yeasts were prepared in YPD (yeast extract [10 g liter1],
peptone [20 g liter1], and D-glucose [20 g liter1]), grown to stationary phase,
and diluted 100-fold for inoculation. Each yeast strain was grown in triplicate at
18°C, and the cultures were sampled regularly for cell counts (measured spec-
trophotometrically at 600 nm) and sugar concentrations (refractive indexes).
Completed fermentations (after 40 h) were clarified by centrifugation (4,000 rpm
for 5 min), and the supernatants were stored at 20°C until the time of analysis.
Yeast strains. The wine yeast strain S. cerevisiae VL3 was sourced from the
culture collection of the Australian Wine Research Institute (Adelaide, Austra-
lia). Haploid (mat) S. cerevisiae yeast (BY4742) was used as the wild-type
laboratory reference strain. Deletion strains in this background were selected
from the Euroscarf deletion collection (http://www-sequence.stanford.edu) (Ta-
ble 1).
Database searching. S. cerevisiae genes with putative C-S lyase activity were
identified in the BRENDA protein database (EC 4.4.*.*) (www.brenda.uni
-koeln.de). Multiple alignments were performed using the program ClustalW at
the European Bioinformatics Institute website (http://www.ebi.ac.uk/clustalw/)
and three protein sequences with known C-S lyase activity from humans, rats,
and zebra fish, with respective accession numbers of NP_004050, AAB26845, and
CAB44334. A C-S lyase consensus sequence was identified with the program
Pretty (http://www-igbmc.u-strasbg.fr/BioInfo). The consensus sequence was
aligned with the S. cerevisiae database in a BLAST search at the Saccharomyces
Genome Database home page (http://www.yeastgenome.org).
Analytical chemistry of sulfur compounds. Gas chromatography coupled to
atomic emission detection (GC-AED) was carried out on a Hewlett Packard
5890 series II gas chromatograph coupled to a G2350A atomic emission detector
(Hewlett Packard), as described by Howell et al. (18). Following the methods of
Mestres et al. (25), 0.1 g EDTA and 2 g NaCl were added to 10 ml of sample in
a 15-ml sample vial. The internal standard (propyl thioacetate [0.1 g l1]) was
injected through the septum. The vials were placed in a 45°C water bath, and the
fiber was exposed for 45 min before injection into the gas chromatograph.
Fermentation samples were appropriately diluted to fit the calibration range and
divided into aliquots in duplicate for analysis.
GC and sample preparation for GC-mass spectrometry (GC-MS) analysis
were performed as described above for GC-AED analysis. The mass spectrom-
eter used was an HP5973 spectrometer. Positive-ion impact spectra at 70 eV
were recorded in the range of m/z 50 to 300 for scan runs.
FIG. 1. (a) Structure of volatile 4MMP. (b) Structure of Cys-
4MMP.
TABLE 1. S. cerevisiae strains used for this study
Strain Genotype Source
BY4742 BY4741 MAT his31 leu20 met150 ura30 Euroscarf
VL3 Isolate from commercial wine yeast VL3, Lafforte Oenology AWRI culture collection
VL3p Sporulated and dissected VL3 This study
VLc Sporulated and dissected VL3p This study
VLd Sporulated and dissected VL3p This study
BY4742 (YJL060W) BY4742 MAT his31 leu20 met150 ura30 YJL060W::KanMX4 Euroscarf
BY4742 (YAL012W) BY4742 MAT his31 leu20 met150 ura30 YAL012W::KanMX4 Euroscarf
BY4742 (YFR055W) BY4742 MAT his31 leu20 met150 ura30 YFR055W::KanMX4 Euroscarf
BY4742 (YML004C) BY4742 MAT his31 leu20 met150 ura30 YML004C::KanMX4 Euroscarf
AWRI 04 VLc YJL060W::KanMX4/YJL060W::KanMX4 This study
AWRI 05 VLc YFR055W::KanMX4/YFR055W::KanMX4 This study
AWRI 06 VLc YAL012W::KanMX4/YAL012W::KanMX4 This study
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Construction of gene deletions in a wine yeast derivative. Yeasts were sporu-
lated according to the method of Brachmann et al. (7), with slight modifications.
Briefly, the cells were streaked onto fresh sporulation medium for two overnight
periods, and a generous match head of cell biomass was placed into 2 ml
potassium acetate-lithium acetate medium and incubated at 25°C with shaking
until asci were observed (3 to 4 days).
The cells were prepared for dissection according to the method of Burke et al.
(8). The sporulated culture (1 ml) was pulse centrifuged, and the pellet was
resuspended in 50 l of 10-mg liter1 Zymolyase (in 1 M sorbitol) and incubated
at 30°C for 20 min. The cells were then transferred to a fresh YPD plate, and asci
were microdissected with an Olympus CHT microscope modified for microdis-
section.
Genes were deleted by a PCR-mediated gene disruption technique described
by Wach et al. (4, 42). Primers were designed for each of the target genes, with
up to 500-bp flanking regions on either end (see Table 3). Primers were obtained
desalted from Geneworks (Adelaide, Australia). Genomic DNA was prepared by
the method of Ausubel et al. (2), where a breaking buffer and glass beads are
used to break open the cells with a Mini-Beadbeater 8 (Biospec Products). To
amplify the disruption cassettes of interest, PCR was performed on DNA pre-
pared from the respective deletion strain, and this cassette was used in transfor-
mation reactions. The PCR (100 l) mixture contained PCR buffer with MgCl2
at 1.5 mM (Advanced Biotechnologies) (1), deoxynucleoside triphosphates (a
200 M concentration of each), primers (a 0.5 M concentration of each), 1.5
mM Taq polymerase (Advanced Biotechnologies) (1.25 U), and template DNA
(40 ng). The reactions were performed in an MJ Research PTC-100 program-
mable thermal cycler programmed as follows: denaturation of DNA at 94°C for
2 min followed by 30 cycles of 30 s of denaturation of DNA at 94°C, 1 min of
primer annealing at 53°C, and 1 min of DNA extension at 72°C. The final
extension period was 10 min, and the tubes were then cooled to 4°C. The PCR
products were run in a 1.2% (wt/vol) agarose gel (Scientifix) and stained with
ethidium bromide to visualize the DNA to ensure correct amplification. Ampli-
fication reaction mixtures were ethanol precipitated, and the concentrations were
determined on a gel (2). S. cerevisiae laboratory strain BY4742 and S. cerevisiae
yeast strain VLc were transformed by a lithium acetate-polyethylene glycol
method (2) with up to 5 g of DNA. After growth in YPD for 2 h at 30°C,
transformants were selected on YPD (containing G418 sulfate at 100 g liter1
[for lab yeast] or 300 g liter1 [for wine yeast]) and grown at 30°C for 2 days or
until colonies appeared. Transformants that had undergone homologous recom-
bination were tested by replica plating onto selective YPD (G418) medium. After
sporulation and microdissection, genomic DNAs were prepared from viable
spores as described above. PCR was used to confirm the presence of the deletion
cassette by amplification with the forward and reverse primers used to amplify
the fragment.
RESULTS
Identification of C-S lyases involved in release of 4MMP.
The release of the volatile thiol 4MMP from its grape-derived
cysteine-bound precursor is dependent on yeast (18, 39). To
screen for genes that cleave the carbon-sulfur bond of the
cysteine precursor of 4MMP, strains possessing deletions in
genes of interest were selected. S. cerevisiae sequences with
similarity to human, rat, and zebra fish carbon-sulfur lyases
were identified using BLAST searches (see Materials and
Methods). Using this method, locus YJL060W was identified
as a candidate for cysteine conjugate -lyase activity on Cys-
4MMP. Other candidate genes, YML004C (GLO1), CYS3
(YAL012W), and YFR055C, encode enzymes with previously
shown or predicted carbon-sulfur lyase activity.
The YJL060W gene is annotated in the Saccharomyces Ge-
nome Database as encoding a putative aminotransferase based
on a pyridoxal phosphate binding domain and an aminotrans-
ferase family I region. Recent work has implicated YJL060W
in the biosynthesis of nicotinic acid (encoded by BNA3), and it
has been hypothesized to be an arylformidase (27).
A search of the BRENDA enzyme database revealed genes
encoding enzymes that could cleave carbon-sulfur bonds in S.
cerevisiae (EC 4.4.1.*) (Table 2). The CYS3 (YAL012W) gene
encodes cystathionine -lyase (EC 4.4.1.1) and shows 26%
similarity to the YJL060W gene. The Cys3 protein catalyzes
the reaction of cystathionine to cysteine in the trans-sulfuration
pathway to interconvert cysteine and methionine (34). A gene
that shows similarity to cystathionine -lyase, YFR055C, has
been inferred by structure to encode the enzyme that converts
cystathionine to homocysteine, pyruvate, and ammonia (EC
4.4.1.8) (34). S. cerevisiae has been shown to have an enzymatic
activity of this type, but no gene has been specified (9). The
final carbon-sulfur lyase described for S. cerevisiae is lactoyl-
glutathione lyase (EC 4.4.1.5), encoded by the gene GLO1
(YML004C). The Glo1 protein catalyzes the conjugation of
methylglyoxal to glutathionine as a detoxification mechanism
from the consequences of the toxic metabolite formed during
glycolysis (19). The enzyme Glo1p has also been shown to act
on an intermediate of glutathionine biosynthesis, -glutamyl-
cysteine (19), indicating that this enzyme could have a broad
specificity.
To investigate whether these genes have a role in the for-
mation of 4MMP, fermentations with the respective deletion
strains were conducted in defined media with the 4MMP pre-
cursor, Cys-4MMP. Growth was monitored by optical density
measurements at 600 nm, and all of the strains grew at the
same rate (data not shown). Fermentation with BY4742
(YJL060W deletion strain) resulted in a 41% reduction in
4MMP release compared to that of the wild-type yeast strain
BY4742 (Fig. 2). Deletions in genes YAL012W, YFR055C,
and YML004C in the BY4742 background also reduced the
amount of 4MMP released, to 53 to 54% that of the control
(Fig. 2).
Construction and confirmation of deletions in wine yeast.
The wild-type laboratory yeast strain BY4742 released only 0.5
to 1.2% molar equivalents of the Cys-4MMP precursor added.
The low level of 4MMP release was accurately measured by the
solid-phase microextraction–GC–AED method, yet the molar
release of 4MMP was much lower than that seen with wine
yeast strains of S. cerevisiae (18). To investigate the involve-
ment of the deleted genes in the release of 4MMP in a wine
TABLE 2. Genes identified as having potential carbon-sulfur lyase activity on the cysteinylated 4MMP precursor, Cys-4MMP
Systematic name Gene name Gene function EC no. Comment
YJL060W BNA3 Biosynthesis of nicotinic acid Similar to human/rat cysteine
conjugate lyases
YML004C GLO1 Glyoxalase 1, lactoylglutathione lyase 4.4.1.5 Yeast C-S lyase
YFR055W METC Cystathionine beta-lyase 4.4.1.8 Yeast C-S lyase
YAL012W CYS3 Cystathionine gamma-lyase 4.4.1.1 26% similar to YFR055W,
26% similar to YLR303W
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yeast genetic background, deletion strains were constructed in
a derivative of the wine yeast S. cerevisiae VL3. Strain VL3 has
been shown previously to release large amounts of 4MMP (18,
26).
Wine yeast strains are generally considered to be heterozy-
gous and aneuploid or polyploid (15). Additionally, stable hap-
loids cannot be produced because of a functional HO gene. To
reduce the complexity of the genetic background and to pro-
duce homozygous diploids, the parental strain VL3p was
sporulated and dissected to produce VL3a, -b, -c, and -d. These
sporulants rapidly rediploidized to show a Mata/Mat geno-
type by PCR (data not shown), and these VL3-derived strains
were tested for the ability to release 4MMP and to produce
viable spores. VL3a and -b did not sporulate well and were
discarded. VL3c and VL3d released 4MMP effectively, al-
though the amount was reduced with respect to that from the
parental strain VL3p (Fig. 3). VL3c, which sporulated effi-
ciently and produced viable spores, was used as the homozy-
gous diploid for further deletions. A deletion cassette contain-
ing the KanMX4 gene and homologous flanking regions for the
gene of interest was amplified by PCR using the primers indi-
cated in Table 3 and was used to transform VL3c. Geneticin-
resistant transformants were sporulated and dissected, and the
spores were retested for Geneticin resistance and replacement
of the gene with KanMX4 by PCR (data not shown). We were
unable to obtain Geneticin-resistant yeast with a deletion cas-
sette for YML004C.
When the YAL012W gene was deleted in VL3c, a growth
defect was observed, which was overcome by supplementation
of the medium with cysteine. BY4742 (YAL012W deletion
strain) is a cysteine auxotroph, since the pathway to convert
methionine to cysteine is rendered nonfunctional without cys-
tathionine -lyase (34). Additionally, when genes YJL060W
and YFR055C were deleted in VL3c, no difference in growth
was observed with respect to that of the wild type.
Transformants with 2:2 segregation of the wild-type gene
from the deleted gene were then fermented with Cys-4MMP,
and the amount of 4MMP produced was measured. The dele-
tion of gene YJL060W from strain AWRI 04 reduced the
amount of 4MMP measured to 48% that from wild-type VL3c
(Fig. 4). The deletion of YAL012W in the wine yeast back-
ground (strain AWRI 05) resulted in a reduction of 4MMP to
39% of that measured in the wild-type strain (Fig. 4). When
YFR055W was deleted from VL3c, giving strain AWRI 06, a
reduction in the amount of 4MMP measured was also found
(27% of the wild-type release) (Fig. 4). These data confirm that
these genes play a role in the release of 4MMP from a wine
yeast, although with different effects than in the laboratory
yeast background.
MTHT, a novel yeast metabolite. The release of 4MMP was
measured using sulfur-specific acquisition for GC-AED. When
the volatiles from the fermentation with yeast BY4742
(YAL012W deletion strain) were analyzed, an additional com-
pound eluted at 24 min (Fig. 5a). A peak with the same reten-
tion time was also present in fermentations with wild-type
BY4742, but at a lower intensity. Library searches of the mass
fragment pattern by GC-MS identified this peak as 2-methyl-
tetrathiophen-3-one (MTHT) (Fig. 5b). The identity of the
FIG. 2. Deletions in genes encoding predicted carbon-sulfur lyases
affect the release of 4MMP from a laboratory strain (BY4742) of
Saccharomyces cerevisiae. The amounts of 4MMP measured at the end
of fermentations with S. cerevisiae deletion strains are expressed as
percentages of the amount of 4MMP released by the wild-type labo-
ratory strain BY4742 (wild-type BY4742 release 	 0.23 
 0.06 g/ml).
Gene names correspond to deletions of those genes from the labora-
tory strain background. Results show the means of triplicate fermen-
tations, and bars give standard errors of the means.
FIG. 3. Sporulant strains derived from a commercial wine yeast,
Saccharomyces cerevisiae VL3, release less 4MMP than the parental
VL3 strain. Sporulants from VL3 were fermented with Cys-4MMP,
and the amount of 4MMP was measured by GC-AED. The amount of
4MMP released is expressed relative to that released by the wild-type
yeast VL3p (wild-type VL3p release	 950.36
 13.75 g/ml), and bars
give standard errors of the means.
TABLE 3. Primers for construction and confirmation of
deletion strains
Primer namea Sequence (5–3)
YJL-F ........................................ TGTTTAAAAGGGGAAGGTACGA
YJL-R ....................................... CGCGAAGAAAATATGGAATTA
YAL-F....................................... ACGAGATTAGCGACCTCGAA
YAL-R ...................................... CGCATGCATATGCCTTTATG
YFR-F....................................... CGATTTTATTGTCGCCTCTTG
YFR-R ...................................... TCATTTCCGCTGAATAAGTACG
KanMX4-R............................... CGACTGAATCCGGTGAGAAT
a F and R, forward and reverse primers, respectively.
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compound was confirmed with authentic 2-methyltetrathio-
phen-3-one, which had the same retention time and fragmen-
tation pattern as the peak observed on the GC-AED trace
(data not shown). The amount of MTHT released was depen-
dent on the presence of Cys-4MMP in the medium (Fig. 5c).
4MMP was not detected in fermentations without Cys-4MMP,
where MTHT was present in small amounts. The addition of
Cys-4MMP increased the amount of detectable MTHT in the
medium 6.5-fold.
DISCUSSION
Although S. cerevisiae was the first eukaryotic organism to
have its genome sequenced, with the full sequence becoming
available in 1996, there have been few studies on the effects of
genes on the formation of specific aroma metabolites (for
examples, see references 1 and 13). The yeast S. cerevisiae is
the primary organism used to make wine. The yeast converts
sugars to ethanol and carbon dioxide, and importantly, pro-
duces aroma compounds that impact the sensory characteris-
tics of the finished product. Searching for genes that affect the
metabolic profile could reveal genes that encode proteins in-
volved in aroma release and provide information on their func-
tion. In this study, genes with a predicted role in sulfur metab-
olism were studied, with a specific focus on the release of
volatile thiols.
The volatile thiols are influential odorants for a wide range
of wine styles (3, 26, 35, 37). Yeast acts upon nonvolatile
cysteine conjugate precursors to release the thiols in small
concentrations (ng liter1) to produce the distinct aromas de-
scribed for the compounds (38). It is believed that this is
carried out by enzymes that possess carbon-sulfur lyase activ-
ity. Carbon-sulfur lyases in yeast that potentially cleave the
nonvolatile cysteine conjugate in grapes to form the volatile
thiol in wine were identified by examining enzyme and protein
databases. Also, DNA comparisons revealed an S. cerevisiae
gene similar to cysteine conjugate -lyases found in humans
and rats.
The open reading frame YJL060W was a candidate for vol-
atile-thiol release, with the encoded protein sequence having
similarity to known carbon-sulfur lyases. The deletion of
YJL060W reduced 4MMP release in laboratory and wine yeast
backgrounds. Although it is described as an arylformidase (27),
the function has not been confirmed for YJL060W. The pre-
dicted sequence of the protein encoded by YJL060W contains
a pyridoxal 5 phosphate binding site and a putative amino-
transferase region. The functions of YJL060W in wine aroma
elaboration and in general metabolism are being investigated.
The carbon-sulfur lyase genes identified thus far in S. cer-
evisiae encode enzymes of the cysteine and methionine inter-
conversion pathway. CYS3 encodes cystathionine -lyase,
which converts cystathionine to give cysteine, pyruvate, and
ammonia. The gene product of the open reading frame
YFR055W catalyzes the reverse reaction of cystathionine to
homocysteine, pyruvate, and ammonia and has a 40% pre-
dicted amino acid similarity to cystathionine -lyase (34). The
deletion of either of these genes in the laboratory yeast and
wine yeast backgrounds also resulted in a reduction in 4MMP
release. Similarly, the deletion of YML004C, the GLO1 gene
in S. cerevisiae, decreased the amount of 4MMP in the me-
dium. GLO1 is involved in central metabolism homeostasis
(20). These results demonstrate that the release of 4MMP is
mediated by protein products of multiple genes in S. cerevisiae.
A direct role of these enzymes in the cleavage of Cys-4MMP
still needs to be confirmed.
Differential expression of the genes identified in this study
does not explain the ability of different wine yeast strains to
release 4MMP. Previous work in our laboratory reported that
wine yeast strains used for the commercial production of wine
show variability in the ability to release 4MMP. However,
preliminary studies indicated that there are no clear differ-
ences in relative transcript abundance between wine yeasts that
produce large amounts of 4MMP and wine yeasts that produce
only small amounts (data not shown). These results support
the hypothesis that several gene products are involved in the
release of the volatile thiol 4MMP and that a combination of
gene products confers the ability of wine yeasts to release
differing amounts of 4MMP. The presence of a wine yeast gene
product which has a higher activity on Cys-4MMP may exist
and cannot be excluded until a larger collection of deletion
strains is screened and the genome sequences of wine yeast
strains are available. Moreover, the main control point of thiol
release in wine yeast strains might not be at the level of Cys-
4MMP cleavage. Transport of the cysteine conjugate into the
cell, for example, may contribute to the release of 4MMP.
Interestingly, the transcript levels of the genes CYS3 and
YFR055W are upregulated in response to sulfur starvation (6),
and GLO1 is upregulated in response to osmotic stress (20).
Sulfur starvation and osmotic stress are frequently experienced
by yeast in wine fermentations (31) but were unlikely to be
factors in the experiments described here.
In the present study, metabolic differences were detected by
the sulfur-selective acquisition of GC-AED, which has identi-
FIG. 4. Saccharomyces cerevisiae wine yeast strains deleted in genes
YAL012W, YFR055C, and YJL060W (AWRI 04, AWRI 05, and
AWRI 06, respectively) have reduced 4MMP release during fermen-
tation. A sporulant, VL3c, from the widely used VL3 commercial wine
yeast was transformed with the YAL012W, YFR055C, and YJL060W
KanMX deletion cassettes derived from the BY4742 deletion library.
Positive transformants were sporulated. The four spores from one
tetrad showing 2:2 segregation of wild-type and deletion genes were
fermented with Cys-4MMP. The amount of 4MMP was measured by
GC-AED. The amount of 4MMP released is expressed relative to that
released by the wild-type yeast (VL3c), and bars give standard errors
of the means.
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fied another compound with relevance to wine aroma
(MTHT). The biosynthetic origin of MTHT remains unclear.
It could be derived from a differential breakdown of Cys-
4MMP or from a less direct mechanism, such as the circular-
ization of 4MMP itself. The observation that the MTHT con-
centration increases in the BY4742 (YAL012W) deletion
strain is most easily explained by MTHT being an intermediate
in the metabolism of Cys-4MMP or 4MMP and by the fact that
further reaction requires the YAL012W gene product. It can-
not be ruled out, however, that the loss of the YAL012W gene
increases the expression of other proteins that are involved in
MTHT synthesis. Purification of the corresponding enzyme
and an in vitro assay for MTHT synthesis from Cys-4MMP and
4MMP will be necessary to confirm the origin of this poten-
tially important sulfur metabolite.
Our approach to establishing which genes are involved in
the release of 4MMP is different from techniques previously
used to define effectors of wine aroma. A concurrent ap-
proach to genetic studies of wine aroma detection is a
metabolomic footprinting approach that categorizes dele-
tions based on the extracellular medium profile by liquid
chromatography-MS (1, 30) or GC-MS (13). Extracellular
medium profiling is useful for wine aroma determination, as
it is yeast metabolites which determine the aromas formed
in a wine. The present work has studied a specific group of
yeast metabolites, the sulfur compounds, which are known
to strongly impact wine aroma. The metabolic derivations of
sulfur compounds are unknown, so a genetic approach was
used to elucidate their yeast origins.
The elucidation of the biosynthetic origins of new and potent
aroma compounds can be performed by bioinformatics to pre-
dict genes. We have shown by this method that deletions in
genes which can cleave or are hypothesized to cleave a carbon-
sulfur bond can affect the release of the volatile thiol 4MMP.
The power of such a technique is shown by the identification of
MTHT, an important wine aroma compound with a previously
unknown origin. Gene deletion studies can therefore elucidate
the origins of new compounds, even those present at small
concentrations.
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